Objectives: Duchenne muscular dystrophy (DMD) is a degenerative muscle wasting disease caused by mutations in the dystrophin gene. Dystrophic muscle is characterized by chronic inflammation, and inflammatory mediators could be promising targets for innovative therapeutic interventions. We analyzed muscle biopsy samples of DMD-affected children to characterize interleukin (IL)-17 and Forkhead box P3 (Foxp3) expression levels and to identify possible correlations with clinical status.
Duchenne muscular dystrophy (DMD) is a degenerative muscle disease with a life expectancy of approximately 25 years. 1, 2 Dystrophic muscles show a prominent inflammatory infiltrate and, even before onset of symptoms, a generalized up-regulation of many inflammation-related genes is observed. 1, 3 Myofiber necrosis is the primary cause of inflammation in DMD muscles. However, chronic muscle inflammation itself is involved in the progressive loss of function contributing to muscle necrosis and atrophy and inhibiting regeneration. Glucocorticoids (GCs) are still the primary treatment for DMD, but it is well known that their long-term use causes severe side effects. 1-2,4 -6 Pivotal mediators of the chronic inflammation of DMD muscles may be promising therapeutic targets for more specific and effective anti-inflammatory therapies.
Interleukin (IL)-17 is involved in tissue chronic inflammation in several human autoimmune and inflammatory diseases and a vast body of evidence in animal models supports this pivotal role. [7] [8] [9] [10] [11] [12] [13] Production of IL-17 characterizes proinflammatory T helper 17 lymphocytes (Th17) and innate immune cells. 7, 8 Th17 have been shown to have a reciprocal developmental pathway and opposing effects in the immune response from regulatory T cells (Treg), 8, 14, 15 , whose master gene is the transcription factor Forkhead box P3 (Foxp3). 16 -18 A fine balance between Th17 and Treg is believed to be crucial for tissue immune homeostasis. 14 No information on the expression of Th17-or Treg-related genes in dystrophic muscle is available. In this study we characterized IL-17 and Foxp3 expression in muscle biopsy samples of patients with DMD and evaluated possible correlations with functional outcome.
METHODS Patients. Muscle biopsy samples at the time of diagnosis were obtained from 27 consecutive patients with DMD, who were referred to our center from 2001 to 2010. All patients had molecular genetic detection of a mutation in the DYS gene, predicting a marked dystrophin deficiency that we confirmed by immunofluorescence staining of muscle biopsy samples. Mean age at biopsy of patients with DMD was 4.1 years (SD 2.0 years). We also obtained muscle biopsy samples from patients with juvenile dermatomyositis (JDM) (n ϭ 8) and from 2 healthy children. Mean age at biopsy of patients with JDM was 8.6 years (SD 3.9 years); mean age at biopsy of healthy children was 3.5 (SD 2.0 years). For patients with DMD and JDM, the time of biopsy coincided with the time of diagnosis. All patients were off therapy at the time of sampling. Muscle strength in DMD-affected children was assessed using the North Star Ambulatory Assessment (NSAA) functional scale. NSAA is one of the present gold standard functional tests to score DMD motor ability (from a value 34 for normal ambulation to a value 0 for the absence of ambulation). 19 To evaluate the clinical outcome of this cohort, we chose to use the NSAA score obtained at the age of 6 years because at that age 1) all patients received the same GC treatment for 1 year and 2) although all of them were still ambulant, they could already present different degrees of muscle weakness.
We analyzed the correlation between the NSAA score at 6 years of age and muscle inflammatory parameters in 20 of 27 patients with DMD (2 patients were lost at follow-up, 1 patient had not yet reached 6 years of age at the time of the evaluation, and 4 patients were excluded because biopsy samples were obtained at age older than 5 years). In these 20 patients with DMD, the mean time lag between muscle biopsy and 6 years of age was 2.1 years. The NSAA score ranged from 12 to 34.
Standard protocol approvals and patient consents. We obtained written parental informed consent for each patient. The use of the muscle biopsy for this study was approved by the local ethics committee.
RNA extraction, reverse transcription, and real-time PCR. RNA extraction and reverse transcription. Muscle bi-
opsy samples were snap-frozen in liquid nitrogen and immediately stored at Ϫ80°C. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. For each sample, 2.5 g of total RNA was reverse-transcribed using a SuperScript Vilo kit (Invitrogen).
Real-time PCR. All reagents were purchased from Applied Biosystems (Foster City, CA). The following gene expression assays were used in the real-time PCRs: Hs00174383_m1, IL-17; Hs00203958_1, Foxp3; Hs00174128_m1, tumor necrosis factor-␣ (TNF-␣); Hs00234140_m1, monocyte chemoattractant protein-1 (MCP-1); Hs00998133_m1, transforming growth factor-␤ (TGF-␤); and Hs00985639_m1, IL-6. All PCRs were run in duplicate on a 7700 ABI Prism instrument (Applied Biosystems). Gene expression data were normalized using human HPRT1 (Applied Biosystems, cat. no. 4326321E) as an endogenous control and analyzed using the comparative ⌬Ct method.
Statistical analysis. We showed levels of cytokine expression
as box-and-whiskers plots (median, interquartile range, and minimum and maximum values are shown). We performed group comparisons using the nonparametric Mann-Whitney U test. To assess the correlations between variables, we calculated the Spearman rank correlation coefficient (r). For both tests, we set significance levels at p Ͻ 0.05.
RESULTS
In control muscles (n ϭ 2), IL-17 mRNA was undetectable, whereas we observed detectable levels of Foxp3 in both samples. In both DMD and JDM muscles, mRNA of IL-17 and Foxp3 were measurable, suggesting that IL-17 and Foxp3 are up-regulated in these conditions characterized by chronic inflammation albeit of different causes (figure 1). However, DMD muscles showed markedly higher levels of IL-17 mRNA and markedly lower levels of Foxp3 mRNA compared with JDM samples ( figure 1, A and B ). Because the balance between proinflammatory and anti-inflammatory pathways is believed to be crucial for tissue homeostasis, we calculated the IL-17/Foxp3 ratio for each patient. We found that the IL-17/Foxp3 ratio was markedly higher in DMD than in JDM biopsy samples ( figure 1C ).
To obtain a quantitative measure of the inflammatory state in DMD, we evaluated expression levels of TNF-␣, IL-6, and MCP-1, classic proinflammatory cytokines, and of the fibrogenic cytokine TGF-␤. These are well known to be elevated in dystrophic muscle. In DMD muscles, mRNA levels of TNF-␣, IL-6, and MCP-1 were lower compared with those in JDM, a classic autoimmune inflammatory muscle disease. Conversely, the expression of the fibrogenic cytokine TGF-␤ was higher in DMD than in JDM muscles, underscoring the intense tissue fibrosis that is characteristic of DMD ( figure 2) .
IL-17 is believed to be classically proinflammatory, whereas Foxp3 drives the differentiation and function of Treg and the subsequent development of anti-inflammatory mechanisms. To verify potential proinflammatory and anti-inflammatory roles of IL-17 and Foxp3 in DMD, we evaluated the correlation of IL-17 and Foxp3 levels with expression of TNF-␣, IL-6, MCP-1, and TGF-␤. In DMD muscles, high IL-17 mRNA levels were associated with high levels of the inflammatory cytokines TNF-␣ and MCP-1, whereas there was no association between IL-17 and IL-6 or TGF-␤ expression ( figure  3A ). Conversely, low Foxp3 mRNA levels were associated with high MCP-1 and TGF-␤ mRNA levels, whereas there was no association with the expression of IL-6 or TNF-␣ ( figure 3B) .
Because of the known role of chronic inflammation in promoting tissue damage and muscle loss in DMD, we investigated the possible relationship between IL-17 expression in muscle biopsy samples and motor outcome at 6 years of age as assessed by the NSAA score. We observed that patients characterized by higher IL-17 expression in their muscle biopsy samples at the time of diagnosis had lower NSAA scores at 6 years of age ( figure 4A, table) , suggesting that IL-17 mRNA levels and functional outcome were associated. No association between Foxp3 expression and motor outcome was found (figure 4B, table) . No association of TNF-␣, IL-6, MCP-1, or TGF-␤ expression levels with NSAA at 6 years was found (table) .
DISCUSSION DMD muscle was characterized by increased expression of IL-17, which was significantly associated with functional outcome at 6 years of age. It is worth noting that we evaluated cytokine expression in biopsy samples obtained at the time of diagnosis, when all patients were off therapy, therefore ruling out any possible influence of GC treatment. In agreement with previous observations, in both humans and mice, we observed a complex inflammatory milieu with a prominent CD45 ϩ mononuclear cell infiltrate (data not shown) and upregulation of inflammatory molecules including MCP-1, TNF-␣, and IL-6. Recently, IL-17-producing cells have been reported to be present in muscles of patients with JDM. 20 The presence of IL-17producing cells has also been reported in adult dermatomyositis, 20 -22 suggesting that IL-17 production occurs locally in muscle autoimmune inflammation. Moreover, serum IL-17 levels have been reported to correlate with disease activity in JDM. 23 These data in humans are consistent with a possible role of IL-17 in chronic muscle inflammation. It should be noted that IL-17 appears to be dispensable in the only experimental model of polymyositis in which IL-17null mice have been used. 24 However, this single observation is in apparent contradiction with a vast body of evidence supporting a major role of IL-17 in several models of chronic autoimmune inflammation, including collagen-induced arthritis, experimental autoimmune encephalomyelitis, and experimental autoimmune uveoretinitis. 8, 22, [25] [26] [27] [28] [29] [30] [31] [32] We did not find any detectable levels of IL-17 in control muscles. Consistent with the abovementioned observations in JDM, IL-17 mRNA was detectable in all except 2 JDM muscle biopsy samples tested, albeit with a wide range of expression levels. Notably, IL-17 mRNA levels in DMD muscles were consistently higher than those observed in JDM. Although IL-17 production is the functional characteristic feature of Th17, it may also be produced by other cell types including mast cells, natural killer cells, and neutrophils. 7 The above-mentioned studies on biopsy samples from patients with JDM, although identifying IL-17-producing cells, did not address the issue of which cell type was expressing IL-17. Because in this study we extracted RNA from whole tissue, it was impossible to determine the cellular source(s) of IL-17. Therefore, we cannot conclude whether muscle IL-17 expression reflects the amount of infiltrating Th17 cells or is the result of the production by other cell types.
Whichever the producing cells, our data show that IL-17 was more prominently expressed in a muscle inflammatory condition in which inflammation is triggered and amplified by myofiber necrosis, compared with JDM, a classic chronic autoimmune inflammatory condition. We would have expected, based on the present understanding of the regulation of Th17 and Treg balance, that, compared with inflammation in JDM, inflammation triggered by necrosis in the absence of autoimmune reactivity, as in DMD, would have led to lower IL-17 expression and higher Foxp3 expression, the latter being a measure of Treg. To the best of our knowledge, no information is available on the possible effect of cell necrosis in inducing IL-17. Interestingly, however, IL-17 has recently been shown to be up-regulated at early time points in an experimental burn model. 33 The possible pathogenic role of IL-17 in inflammatory myositis and in muscle damage remains to be established. In this respect, we found that in DMD muscle increased levels of IL-17 were associated with higher expression levels of the inflammatory cytokines TNF-␣ and MCP-1. Based on these significant correlations, we cannot rule out the possibility that IL-17 expression in DMD muscle might be merely a consequence rather than a cause of inflammation. However, based on the known proinflammatory role of IL-17, this observation is consistent with the hypothesis that IL-17 could contribute to maintaining chronic tissue inflammation. In further support of this hypothesis, we found that patients with a more pronounced functional impairment at 6 years of age had higher levels of IL-17 mRNA in muscle biopsy samples.
Additional support for the potential role of IL-17 is provided by the recent observations linking osteopontin (OPN) to IL-17. OPN has recently been suggested to play a role in DMD based on reduced infiltration of inflammatory cells in muscle, increased muscle strength, reduced muscle fibrosis, and increased numbers of Foxp3 ϩ Treg in muscle, as well as reduced TGF-␤ levels, in OPN-deleted dystrophic mice. 34 Moreover, in DMD, OPN levels are elevated in serum and muscle, 34 and OPN polymorphisms have been shown to be genetic modifiers of disease severity. 35 Interestingly, it has been demonstrated in vitro that the intracellular isoform of OPN promotes Th17 responses 36 and that OPN induces IL-17 expression from human T cells. 37 It is therefore tempting to speculate that the high levels of IL-17 and possibly also the low levels of Foxp3 observed in this study might be induced by OPN and that these may mediate at least part of the detrimental effects of OPN in muscles.
Because Foxp3 is specifically expressed by Treg, it could be argued that Foxp3 mRNA levels represent a measure of Treg activity in a given tissue. In DMD, low Foxp3 levels were associated with high levels of MCP-1 and TGF-␤. Although TGF-␤ is produced by Treg, the great portion of TGF-␤ present in a tissue is produced by stromal cells and is probably related to the amount of tissue fibrosis, which is a consequence of chronic inflammation. The fact that Foxp3 levels reflect anti-inflammatory mechanisms is also supported by the observation that its expression was directly related to the number of CD163 ϩ M2c infiltrating macrophages (data not shown). The latter are known to have an anti-inflammatory role in dystrophin-deficient mice. 38 The association of IL-17 expression with levels of other inflammatory cytokines and with the clinical course of DMD suggests a possible pathogenic role of IL-17. Studies on a larger number of patients are needed to define a prognostic value of IL-17. In addition, preclinical studies in dystrophic (mdx) mice are needed to demonstrate a causative role of IL-17 in DMD and, therefore, to identify IL-17 itself as a potential therapeutic target.
